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THREE-DIMENSIONAL MEASURING
SYSTEM, AND THREE-DIMENSIONAL
MEASURING METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a Continuation of PCT Inter-

national Application No. PCT/JP2020/010912 filed on Mar.
12, 2020 claiming priorities under 35 U.S.C. § 119(a) to
Japanese Patent Application No. 2019-047103 filed on Mar.
14, 2019, and Japanese Patent Applications Nos. 2020-
037113, 2020-037114 and 2020-037115 filed on Mar. 4,
2020. _Jach of the above applications 1s hereby expressly
incorporated by reference, 1n their entirety, into the present
application.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The presently disclosed subject matter relates to three-
dimensional measuring systems and three-dimensional mea-
suring methods, and particularly relates to a three-dimen-
sional measuring system and a three-dimensional measuring
method using a three-dimensional measuring machine and a
robot arm.

2. Description of the Related Art

Heretofore, various techniques associated with installa-
tion of a workpiece that 1s a target of measurement per-
tformed by the three-dimensional measuring machine when
the workpiece 1s measured have been proposed.

For example, PIL 1 proposes a measuring j1g used when
a workpiece 1s mounted on a surface plate. According to a
measuring jig disclosed in PTL 1, blocks can be appropri-
ately disposed on a plate pallet, and the blocks can fix the
workpiece of a three-dimensional shape. A plurality of
pallets each having a workpiece fixed thereon 1n advance are
prepared, so that each of the workpieces 1s automatically set
on a surface plate by exchanging the pallets from one to
another.

PTL 1:
04-324301

Japanese Patent Application Laid-Open No.

SUMMARY OF THE

INVENTION

Here, 1t 1s not necessarily the case that a workpiece to be
measured 1s disposed 1n only one attitude, but the workpiece
may be disposed 1n a plurality of attitudes. When a single
workpiece 1s measured in a plurality of attitudes as described
above, measuring jigs suitable for the attitudes of the work-
piece are required for individual attitudes. Accordingly, the
number of processes of design and cost of the measuring j1gs
are increased. Furthermore, the workpiece 1s required to be
mounted on the measuring jigs for individual attitudes of the
measurement, and therefore, a long period of time 1s
required for preparation of the measurement.

Even in the case where the measuring j1g disclosed in PTL
1 1s used, when the single workpiece 1s measured 1n a
plurality of attitudes, diflerent palettes are to be generated
tor different attitudes of the workpiece and the workpiece 1s
required to be mounted on the diflerent measuring jigs in
different measuring attitudes.

Accordingly, there arises a problem in that measuring

elliciency of the general techniques 1s low since a workpiece
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1s mounted by a person. Furthermore, in addition to
improvement of the measuring efliciency, improvement of
measuring accuracy 1s also one of important technical 1ssues
for the three-dimensional measuring machines.

The presently disclosed subject matter has been made 1n
view ol the circumstances, and an object of the presently
disclosed subject matter 1s to provide a three-dimensional
measuring system and a three-dimensional measuring
method that improve measuring accuracy and measuring
clliciency.

To attain the object described above, a three-dimensional
measuring system according to a first aspect of the presently
disclosed subject matter includes a surface plate, an end
ellector configured to hold a workpiece to be measured, a
robot arm configured to change an attitude of the workpiece,
and a probe configured to be movable relative to the surface
plate. Since the robot arm configured to change an attitude
of the workpiece 1s provided, the attitude of the workpiece
can be easily changed when three-dimensional measurement
1s performed using the probe configured to be movable
relative to the surface plate. Accordingly, efliciency of the
three-dimensional measurement can be improved. Further-
more, since the attitude of the workpiece 1s changed by
means of the robot arm, variation of a measuring position 1s
reduced and measuring accuracy can be improved.

In the three-dimensional measuring system according to
the first aspect, the probe preferably performs the three-
dimensional measurement on the workpiece 1n a state 1n
which the workpiece 1s held by the robot arm. Since the
probe performs the three-dimensional measurement on the
workpiece 1n the state 1n which the workpiece 1s held by the
end eflector of the robot arm, the attitude of the workpiece
can be easily changed. Accordingly, the efliciency of the
three-dimensional measurement can be further improved.

The three-dimensional measuring system according to the
first aspect preferably includes relative-position change
detecting means for detecting a change 1n a relative position
between the surface plate and the robot arm and correcting
means for correcting a result of the measurement performed
on the workpiece by the probe based on a result of the
detection performed by the relative-position change detect-
Ing means.

Examples of an outside environment (a measuring envi-
ronment) that affects the accuracy of the three-dimensional
measurement include a change 1n a relative position between
the surface plate and the robot arm. Since the relative-
position change detecting means can detect a change 1n a
relative position between the surface plate and the robot arm
and the correcting means can correct a result of the mea-
surement performed on the workpiece by the probe based on
a result of the detection, the accuracy of the three-dimen-
sional measurement performed on the workpiece can be
turther improved.

In the three-dimensional measuring system according to
the first aspect, the relative-position change detecting means
preferably 1includes arm wvibration detecting means for
detecting vibration of the robot arm. By this, influence of the
vibration of the robot arm can be reduced and the accuracy
of the three-dimensional measurement can be further
improved.

In the three-dimensional measuring system according to
the first aspect, the relative-position change detecting means
preferably includes surface-plate vibration detecting means
for detecting vibration of the surface plate and/or inclination
detecting means for detecting an inclination of the surface
plate relative to a horizontal direction. By this, influence of
the vibration and/or an inclination of the surface plate can be
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reduced and the accuracy of the three-dimensional measure-
ment can be further improved.

In the three-dimensional measuring system according to
the first aspect, the relative-position change detecting means
preferably detects change amounts of a relative position in
a horizontal direction and a wvertical direction, and the
correcting means preferably adds the change amounts of the
relative position to or subtracts the change amounts of the
relative position from a result of the measurement performed

on the workpiece by the probe 1n the horizontal direction and
the vertical direction.

In the three-dimensional measuring system according to
the first aspect, the relative-position change detecting means
preferably detects a change in the relative position 1n real
time, and the correcting means preferably corrects a result of
the measurement performed on the workpiece by the probe
in real time based on the change in the relative position
detected 1n real time.

In the three-dimensional measuring system according to
the first aspect, the relative-position change detecting means
preferably includes a laser tracker including a reflector and
a laser tracker body configured to emit laser light to the
reflector and receive reflected light of the laser light from the
reflector so as to obtain a displacement of the reflector.

The reflector 1s preferably disposed on the robot arm.
Disposing the reflector on the robot arm enables vibration of
the robot arm 1tself that aflects the workpiece W to be more
accurately detected.

The three-dimensional measuring system according to the
first aspect preferably includes temperature detecting means
for detecting a temperature of the workpiece, and correcting
means for correcting a result of the measurement performed
on the workpiece by the probe based on a result of the
detection performed by the temperature detecting means.

The examples of the outside environment (the measuring,
environment) that aflects the accuracy of the three-dimen-
sional measurement include a temperature of the workpiece.
Since the temperature detecting means can detect a tem-
perature of the workpiece and the correcting means can
correct a result of the three-dimensional measurement based
on the temperature of the workpiece, influence of the tem-
perature of the workpiece can be reduced, the accuracy of
the three-dimensional measurement can be further
improved.

In the three-dimensional measuring system according to
the first aspect, the end eflector of the robot arm preferably
includes temperature detecting means for detecting a tem-
perature ol the workpiece. The temperature detecting means
1s more preferably disposed on a holding surface of the end
cllector that holds the workpiece. Consequently, a tempera-
ture of the workpiece held by the end eflector can be
detected with high accuracy. Furthermore, since the end
cllector includes the temperature detecting means, tempera-
ture detection can be automatically started when the robot
arm holds the workpiece. Accordingly, efliciency of the
three-dimensional measurement can be improved. The
three-dimensional measuring system according to the first
aspect more preferably includes correcting means for cor-
recting a result of the measurement performed on the
workpiece by the probe based on a result of the detection
performed by the temperature detecting means. Since the
result of the three-dimensional measurement can be cor-
rected based on the temperature of the workpiece, influence
of the temperature of the workpiece can be reduced and the
accuracy of the three-dimensional measurement can be
turther improved.
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In the three-dimensional measuring system according to
the first aspect, the temperature detecting means detects a
temperature of the workpiece in a state 1n which the work-
piece 1s held by the robot arm. Since the temperature can be
detected 1n the state 1n which the workpiece 1s not mounted
on the surface plate but 1s held by the robot arm, the
workpiece can be quickly conveyed without being mounted
on the surface plate once when the workpiece does not
satisly a predetermined temperature condition, for example.
Accordingly, an operation rate of the three-dimensional
measuring system can be improved.

In the three-dimensional measuring system according to
the first aspect, the temperature detecting means preferably
starts detection of a temperature of the workpiece when the
workpiece 1s held by the robot arm. Although the tempera-
ture detection 1s performed after the workpiece 1s mounted
on the surface plate according to the general techniques, the
temperature detection can be started at a timing earlier than
that of the general techniques in the three-dimensional
measuring system according to the first aspect. This 1s
considerably advantageous when a comparatively long
period of time 1s required for activation of the temperature
detecting means.

In the three-dimensional measuring system according to
the first aspect, a robot base that supports the robot arm may
be disposed outside the surface plate. Since the robot base 1s
disposed outside the surface plate, a comparatively large
robot arm can be used.

In the three-dimensional measuring system according to
the first aspect, the robot base that supports the robot arm
may be disposed on the surface plate. Since the robot base
1s disposed on the surface plate, a vibration system of the
robot arm 1s the same as that of the surface plate. Accord-
ingly, itluence of the vibration of the outside environment
can be reduced and the accuracy of the three-dimensional
measurement can be further improved.

In the three-dimensional measuring system according to
the first aspect, the robot arm preferably includes an abutting
portion that directly or indirectly abuts on the surface plate
when the probe measures the workpiece. Since the abutting
portion of the robot arm 1s directly or indirectly abuts on the
surface plate, vibration of the robot arm itself can be
reduced, and accordingly, the accuracy of the three-dimen-
sional measurement can be further improved.

In the three-dimensional measuring system according to
the first aspect, a damping member 1s disposed on the
surface plate, and the abutting portion of the robot arm
indirectly abuts on the surface plate through the damping
member. Since the abutting portion of the robot arm indi-
rectly abuts on the surface plate, a degree of freedom of an
attitude of the robot arm at a time of measurement can be
improved. Furthermore, since a gap 1n a vertical direction (a
/. direction) can be ensured between the robot arm and the
surface plate, measurement can be performed while a work-
piece having a comparatively long length in the vertical
direction 1s held so as not to be 1n contact with the surface
plate.

In the three-dimensional measuring system according to
the first aspect, the robot arm 1ncludes a plurality of arms and
a plurality of joint portions coupling the plurality of arms 1n
a rotatable manner, and the abutting portion of the robot arm
1s one of the plurality of joint portions. The abutting portion
of the robot arm 1s more preferably one of the plurality of
joint portions that 1s closest to the end eflector.

Furthermore, to attain the object described above, a
three-dimensional measuring method according to a second
aspect of the presently disclosed subject matter includes a
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conveying step of conveying a workpiece to be measured by

a robot arm configured to change an attitude of the work-
piece and a measuring step of performing three-dimensional
measurement on the workpiece by a probe configured to be
movable relative to the surface plate. Even in the three- >
dimensional measuring method according to the second
aspect, eflects the same as those of the three-dimensional
measuring system according to the first aspect can be
obtained.

In the three-dimensional measuring method according to
the second aspect, the probe preferably performs the three-
dimensional measurement on the workpiece 1n a state in
which the workpiece 1s held by the robot arm in the
measuring step. Since the probe performs the three-dimen-
sional measurement on the workpiece 1n the state 1n which
the workpiece 1s held by the end effector of the robot arm,
an attitude of the workpiece can be easily changed. Accord-
ingly, efliciency of the three-dimensional measurement can

be further improved. 20

The three-dimensional measuring method according to
the second aspect preferably includes a relative-position
change detecting step of detecting a change in a relative
position between the surface plate and the robot arm, and a
vibration correcting step of correcting a result of the mea- 25
surement performed on the workpiece in the measuring step
based on a result of the detection performed 1n the relative-
position change detecting step.

Examples of an outside environment (a measuring envi-
ronment) that affects the accuracy of the three-dimensional 30
measurement include a change 1n a relative position between
the surface plate and the robot arm. Since a change 1n a
relative position between the surface plate and the robot arm
can be detected 1n the relative-position change detecting step
and a result of the measurement performed on the workpiece 35
by the probe can be corrected 1n the vibration correcting step
based on a result of the detection, accuracy of the three-
dimensional measurement performed on the workpiece can
be further improved.

In the three-dimensional measuring method according to 40
the second aspect of the presently disclosed subject matter,
the relative-position change detecting step includes a step of
detecting vibration of the robot arm. Furthermore, the rela-
tive-position change detecting step preferably includes a
step ol detecting vibration of the surface plate. Moreover, 45
the relative-position change detecting step preferably
includes a step of detecting an inclination of the surface
plate.

In the three-dimensional measuring method according to
the second aspect of the presently disclosed subject matter, 50
the relative-position change detecting step preferably
includes a step of detecting change amounts of the relative
position in a horizontal direction and a vertical direction, and
the vibration correcting step preferably includes a step of
adding the change amounts of the relative position to or 55
subtracting the change amounts of the relative position from
a result of the measurement performed on the workpiece by
the probe 1n the horizontal direction and the vertical direc-
tion.

In the three-dimensional measuring method according to 60
the second aspect of the presently disclosed subject matter,
the relative-position change detecting step preferably detects
the change 1n the relative position in real time, and the
vibration correcting step preferably corrects a result of the
measurement performed on the workpiece by the probe in 65
real time based on the change in the relative position
detected 1n real time.
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The three-dimensional measuring method according to
the second aspect of the presently disclosed subject matter
preferably includes a temperature detecting step of detecting
a temperature of the workpiece and a temperature correcting
step of correcting a result of the measurement performed on
the workpiece 1n the measuring step based on a result of the
detection performed in the temperature detecting step.

The examples of the outside environment (the measuring
environment) that aflects the accuracy of the three-dimen-
sional measurement further include a temperature of the
workpiece. Since the temperature of the workpiece can be
detected 1n the temperature detecting step and a result of the
three-dimensional measurement can be corrected based on
the temperature of the workpiece 1n the temperature cor-
recting step, influence of the temperature of the workpiece
can be reduced and accuracy of the three-dimensional mea-
surement can be further improved.

Furthermore, the three-dimensional measuring method
according to the second aspect of the presently disclosed
subject matter preferably includes a temperature detecting
step of detecting a temperature of the workpiece by tem-
perature detecting means disposed on the end eflector of the
robot arm. Accordingly, a temperature of the workpiece held
by the end eflector can be detected with high accuracy.
Furthermore, since the end effector includes the temperature
detecting means, temperature detection can be automatically
started when the robot arm holds the workpiece. Accord-
ingly, efliciency of the three-dimensional measurement can
be 1mproved.

Furthermore, the three-dimensional measuring method
according to the second aspect of the presently disclosed
subject matter preferably includes a temperature correcting
step of correcting a result of the measurement performed on
the workpiece 1n the measuring step based on a result of the
detection performed in the temperature detecting step.

The temperature detecting step 1s preferably performed 1n
the conveying step. The efliciency of the three-dimensional
measurement can be further improved by performing the
detection of the temperature of the workpiece 1n the con-
veying step.

In the three-dimensional measuring method according to
the second embodiment, the temperature detecting step 1s
preferably performed 1n a state 1n which the workpiece 1s
held by the robot arm. Since the temperature can be detected
by the temperature detecting means in the state in which the
workpiece 1s not mounted on the surface plate but 1s held by
the robot arm, etliciency of the three-dimensional measure-
ment can be improved.

In the three-dimensional measuring method according to
the second aspect, the temperature detecting step 1s prefer-
ably started when the workpiece i1s held by the robot arm.
Although the temperature detection 1s performed after the
workpiece 1s mounted on the surface plate by the robot arm
according to the general techniques, the temperature detec-
tion can be started at a timing earlier than that of the general
techniques 1n the three-dimensional measuring method
according to the second aspect.

The three-dimensional measuring method according to
the second aspect preferably includes a temperature deter-
mining step ol determining whether a temperature of the
workpiece satisfies a predetermined temperature condition.
By this, a determination as to whether a temperature of the
workpiece satisfies a temperature condition suitable for the
three-dimensional measurement can be made, for example.

Here, the temperature determining step 1s preferably per-
formed 1n a state 1n which the workpiece 1s held by the robot
arm. Here, more preferably, when 1t 1s determined that the
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predetermined temperature condition 1s not satisfied in the
temperature determining step, the workpiece 1s conveyed in
a state 1n which the workpiece 1s held by the robot arm.
When 1t 1s determined that the workpiece does not satisiy the
predetermined temperature condition, for example, the
workpiece can be quickly conveyed without being mounted
on the surface plate once. Accordingly, efliciency of the
three-dimensional measurement can be further improved.

Here, more preferably, the temperature detecting step 1s
performed 1n real time in the state in which the workpiece 1s
held by the robot arm, and a result of the measurement
performed on the workpiece in the measuring step 1s cor-
rected in real time based on a result of the detection
performed 1n the temperature detecting step. Since the
temperature detection, the three-dimensional measurement,
and the correction of a measuring result can be performed 1n
the state 1n which the workpiece is held by the robot arm, a
time lag (a time difference) between the temperature detec-
tion and the correction of the measuring result can be
reduced.

In the three-dimensional measuring method according to
the second aspect, a robot base that supports the robot arm
1s preferably disposed outside the surface plate. Alterna-
tively, the robot base that supports the robot arm 1s prefer-
ably disposed on the surface plate.

The three-dimensional measuring method according to
the second aspect preferably includes a mounting step of
causing an abutting portion of the robot arm to directly or
indirectly abut on the surface plate 1n the state in which the
workpiece 1s held by the robot arm. Furthermore, preferably,
a damping member 1s disposed on the surface plate, and 1n
the mounting step, the abutting portion of the robot arm
indirectly abuts on the surface plate through the damping
member.

In the three-dimensional measuring method according to
the second aspect, the robot arm preferably includes a
plurality of arms and a plurality of joint portions coupling
the plurality of arms in a rotatable manner, and the abutting
portion of the robot arm 1s preferably one of the plurality of
joint portions. The abutting portion of the robot arm 1s more
preferably one of the plurality of joint portions that 1s closest
to the end eflector.

According to the presently disclosed subject matter, a
three-dimensional measuring system and a three-dimen-

sional measuring method that improve measuring accuracy
and measuring etliciency can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram 1illustrating an example of a three-
dimensional measuring system according to a first embodi-
ment;

FIG. 2 1s a diagram 1llustrating an example of a three-
dimensional measuring machine;

FIG. 3 1s a diagram 1illustrating an example of a robot arm;

FIG. 4 1s a flowchart of a three-dimensional measuring,
method according to a first embodiment;

FIG. 5 1s a diagram 1illustrating an example of a step of
conveying a workpiece according to the first embodiment;

FIG. 6 1s a diagram 1llustrating an example of a mounting
step and a measuring step according to the first embodiment;

FIG. 7 1s a diagram illustrating another example of the
mounting step and the measuring step according to the first
embodiment;

FIG. 8 1s a diagram 1llustrating an example of a changing
step according to the first embodiment;
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FIG. 9 1s a diagram 1illustrating an example 1n which a
joint portion 1s pressed on a block on a surface plate;

FIG. 10 1s a diagram 1llustrating a case where a gate of the
three-dimensional measuring machine 1s moved 1n a state in
which a portion of the robot arm 1s directly pressed onto the
surface plate according to the first embodiment;

FIG. 11 1s a diagram 1llustrating a case where the gate of
the three-dimensional measuring machine 1s moved while a
portion of the robot arm 1s not pressed onto the surface plate
according to the first embodiment;

FIG. 12 1s a diagram schematically illustrating a configu-
ration of a three-dimensional measuring system according to
a second embodiment;

FIG. 13 1s a diagram 1illustrating influence of a movement
of a gate of a three-dimensional measuring machine on
measuring accuracy in the three-dimensional measuring
system according to the second embodiment;

FIG. 14 1s a diagram 1llustrating a state 1n which a portion
of the robot arm directly or indirectly abuts on a surface
plate 1n the three-dimensional measuring system according
to the second embodiment;

FIG. 15 1s a diagram schematically illustrating a configu-
ration of a three-dimensional measuring system according to
a third embodiment;

FIG. 16 1s a diagram 1llustrating an example of arrange-
ment of reflectors and laser tracker bodies when relative-
position change detecting means includes a plurality of laser
trackers;

FIG. 17 1s a flowchart of a three-dimensional measuring,
method according to the third embodiment;

FIG. 18 1s an example graph indicating a temporal change
of a relative position detected by the relative-position
change detecting means;

FIG. 19 1s a diagram schematically 1llustrating a configu-
ration of a three-dimensional measuring system according to
a fourth embodiment:

FIG. 20 1s a diagram schematically illustrating a configu-
ration of a three-dimensional measuring system according to
a fifth embodiment;

FIG. 21 1s a diagram 1llustrating an example of an end
ellector including temperature detecting means;

FIG. 22 1s a diagram 1illustrating an example of the end
ellector including temperature detecting means;

FIG. 23 1s a flowchart of a three-dimensional measuring
method according to the fifth embodiment;

FIG. 24 1s a flowchart of a three-dimensional measuring,
method according to a first modification of the fifth embodi-
ment; and

FIG. 25 1s a flowchart of a three-dimensional measuring,
method according to a third modification of the fifth embodi-
ment.

DESCRIPTION OF THE PREFERREI
EMBODIMENTS

Herematter, embodiments of a measuring method accord-
ing to the presently disclosed subject matter 1s described
with reference to the accompanying drawings. Note that the
same components 1n the drawings are basically denoted by
the same reference numerals.

First Embodiment

[ Three-Dimensional Measuring Machine]

FIG. 1 1s a diagram schematically illustrating a configu-
ration of a three-dimensional measuring system 1000
according to this embodiment. In FIG. 1, portions of col-
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umns 16 of a three-dimensional measuring machine 1 are
omitted in the drawing so that a robot arm 50 1s included 1n
the drawing. The three-dimensional measuring system 1000
includes the three-dimensional measuring machine 1 and a
robot arm apparatus 100. As illustrated 1 FIG. 1, a robot
base 52 of the robot arm 50 1s disposed outside a surface
plate 18 of the three-dimensional measuring machine 1 in
this embodiment.

FIG. 2 1s a diagram (a perspective view and a block
diagram) illustrating an example of the three-dimensional
measuring machine 1 used in this embodiment. Note that,
description 1s made heremaiter using a three-dimensional
rectangular coordinate system.

As 1llustrated in FIG. 2, the three-dimensional measuring
machine 1 according to this embodiment includes a mea-
suring machine body 10 and a measuring machine control
apparatus 30. A contact-type three-dimensional measuring
machine including a contact-type probe 1s described here-
iafter as the three-dimensional measuring machine 1. The
three-dimensional measuring machine 1 may be obviously a
noncontact-type three-dimensional measuring machine.
When the three-dimensional measuring machine 1 1s a
noncontact-type three-dimensional measuring machine, a
laser probe may be used instead of a contact-type probe 22
described below, for example.

First, the measuring machine body 10 1s described. The
measuring machine body 10 1s an apparatus that measures a
shape (a contour), a size, and the like of a workpiece W by
causing a gauge head 26 formed at a tip end of the probe 22
(including a stylus 24) to perform scanning while the gauge
head 26 1s brought into contact with the workpiece W to be
measured.

As 1llustrated 1n FIG. 2, the measuring machine body 10
includes the base 20 and the surface plate 18 disposed on the
base 20. A surface of the surface plate 18 1s formed to be flat
in parallel to an X-Y plane.

A pair of columns (pillars) 16 extending upward (+7
direction) in the drawing from the surface of the surface
plate 18 1s disposed on the surface plate 18. A beam 14
extends across upper end portions (end portions on a +7
side) of the columns 16. The pair of columns 16 1s movable
on the surface plate 18 in a Y direction 1n synchronization
with each other, and the beam 14 1s movable in the Y
direction 1n a state in which the beam 14 1s 1n parallel to an
X direction. As driving means for moving the columns 16
relative to the surface plate 18, a motor can be used. Note
that the beam 14 and the columns 16 form a gate, and

therefore, a gate-type three-dimensional measuring machine
1 1s obtained.

A head 12 extending in the 7 direction is attached to the
beam 14. The head 12 1s movable 1n a longitudinal direction
(the X direction) of the beam 14. As driving means for
moving the head 12 relative to the beam 14, a motor can be
used.

The probe 22 1s attached to a lower end portion (an end
portion on a —Z side) of the head 12 such that the probe 22
1s movable 1 a vertical direction (the Z direction) in the
drawing. As driving means for moving the probe 22 in the
vertical direction, a motor can be used.

The measuring machine body 10 includes a movement
amount measuring umt (such as a linear encoder, not 1llus-
trated) used to measure individual movement amounts of the
columns 16, the head 12, and the probe 22.

The probe 22 includes a shait-shaped member having
high rigidity (the stylus 24). As matenal of the stylus 24,
super hard alloy, titantum, stainless, ceramics, carbon fibers,
or the like can be used, for example.
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The gauge head 26 1s disposed at a tip end portion of the
stylus 24 of the probe 22. The gauge head 26 1s a member
of a ball shape having a high degree of hardness and
excellent abrasion resistance. As material of the gauge head
26, ruby, silicon nitride, zirconia, ceramics, or the like can
be used, for example. The gauge head 26 has a diameter of
4.0 mm (hereinafter referred to as a stylus diameter), for
example.

When the workpiece W 1s measured, the gauge head 26 1s
brought into contact with the workpiece W by moving the
columns 16, the head 12, and the probe 22 1n the X, Y, and
7. directions. Then a displacement amount and the like of the
gauge head 26 1s measured while scanning 1s performed by
the gauge head 26 along a contour of the workpiece W. Data
on a measured value of the displacement amount or the like
1s transmitted to the measuring machine control apparatus
30. The measuring machine control apparatus 30 can obtain
a shape (the contour), a size, and the like of the workpiece
W by processing the data using a general measuring pro-
gram.

A controller 40 1s means for performing communication
with the measuring machine body 10 and performs a process
of converting data transmitted to and received from the
measuring machine body 10. The controller 40 may include
a D/A (digital-to-analog) converter that converts a digital
instruction transmitted from the measuring machine control
apparatus 30 to the measuring machine body 10 into an
analog signal and an A/D (analog-to-digital) converter that
converts data of a measured value or the like transmaitted
from the measuring machine body 10 to the measuring
machine control apparatus 30 1nto digital data.

[Robot Arm]

FIG. 3 1s a diagram (a concept diagram and a block
diagram) 1llustrating an example of the robot arm apparatus
100 used 1n this embodiment.

The robot arm apparatus 100 1includes a robot arm 350 and
a robot arm control apparatus 60. The robot arm 350 includes
a plurality of movable portions and a plurality of motors
driving the respective movable portions. The robot arm
control apparatus 60 activates the robot arm 50 by control-
ling the motors included in the robot arm 50. The robot arm
control apparatus 60 includes a computer and automatically
activates the robot arm 50 by a user operation or a dedicated
program.

The robot arm 50 1s designed to be capable of holding the
workpiece W. Specifically, the robot arm 50 holds (grasps)
the workpiece W by an end eflector EE coupled with a first
joint portion (a wrist portion) J1. Furthermore, the end
ellector EE can freely change an attitude of the Workpiece
W. For example, the end effector EE can rotate 1n parallel to
a Y-Z plane or rotate 1n parallel to an X-Y plane so as to
change an attitude of the workpiece W.

As 1llustrated 1n FIG. 3, the robot arm 50 1s a mult1 joint
arm including four joint portions (a first joint portion J1 to
a Tourth joint portion J4), three arms (a first arm Al to a third
arm A3) coupled with one another in turn by the joints, and
a robot base 52. Specifically, the first joint portion J1 couples
the end eflector EE and the first arm Al with each other, and
the end eflector EE 1s rotatable relative to the first arm Al.
The second joint portion J2 couples the first arm Al and the
second arm A2 with each other, and the first arm Al 1s
rotatable around an axis extending 1n a longitudinal direction
of the first arm Al. The third joint portion J3 couples the
second arm A2 and the third arm A3 with each other, and the
second arm A2 1s rotatable around an axis extending in a
horizontal direction relative to the third arm A3. The fourth
joint portion J4 couples the third arm A3 and a tip end
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portion 52a of the robot base 52 with each other, and the
third arm A3 1s rotatable around an axis extending 1n a
honizontal direction relative to the robot base 52. Note that
the robot arm apparatus 100 1llustrated in FIG. 3 1s merely
an example, and a general robot arm apparatus of another
form may be used.

[Measuring Method]

Next, a measuring method using the robot arm apparatus
100 and the three-dimensional measuring machine 1 1s
described. FIG. 4 1s a flowchart of a measuring method using
the robot arm apparatus 100 and the three-dimensional
measuring machine 1.

The robot arm apparatus 100 holds the workpiece W
positioned outside a measuring space of the three-dimen-
sional measuring machine 1 by the end effector EE (step
S10) and conveys the workpiece W 1nto the measuring space
of the three-dimensional measuring machine 1 while holding
the workpiece W (step S11: a conveying step). Thereatter, a
portion of the robot arm 350 1s directly pressed (directly
abuts) on an upper surface of the surface plate 18 (herein-
alter referred to as “on the surface plate 18”) 1n a state 1n
which the workpiece W 1s held by the end effector EE so that
a measuring attitude of the workpiece W 1s determined (step
S12: a mounting step). Thereafter, the three-dimensional
measuring machine 1 measures the workpiece W (step S13:
a measuring step). Subsequently, the robot arm apparatus
100 operates the end effector EE so as to change an attitude
of the workpiece W while holding the workpiece W (step
S14: a changing step). Then the three-dimensional measur-
ing machine 1 measures the workpiece W after the attitude
of the workpiece W 1s changed (step S15).

Next, a main step (a process) of the measuring method
described above 1s described 1n detail.

[Conveying Step (Carrying Step)]

FIG. 5 15 a diagram 1llustrating an example of the step of
conveying the workpiece W (step S11 in FIG. 4). As
illustrated 1n FIG. 5, the robot arm apparatus 100 holds t

he
workpiece W positioned outside the measuring space of the
three-dimensional measuring machine 1 by the end eflector
EE and conveys the workpiece W 1nto the measuring space
of the three-dimensional measuring machine 1 while holding
the workpiece W. Note that the measuring machine control
apparatus 30, the controller 40, and the robot arm control
apparatus 60 are omitted 1n FIGS. 5 to 11. Furthermore, 1n
FIGS. 5 to 11, portions of the columns 16 of the three-
dimensional measuring machine 1 are omitted 1n the draw-
ings so that the robot arm 350 1s included 1n the drawings.
[ Mounting Step and Measuring Step]

FIG. 6 1s a diagram 1llustrating examples of the mounting
step (step S12 1n FIG. 4) and the measuring step (step S13
in FIG. 4). After the workpiece W 1s conveyed to the
measuring space of the three-dimensional measuring
machine 1, a portion of the robot arm 50 i1s directly pressed
onto the surface plate 18 so that an attitude of the workpiece
W 1s determined. Thereafter, the three-dimensional measur-
ing machine 1 measures the workpiece W.

In the case of FIG. 6, the first joint portion J1 (the wrist
portion) that 1s a portion of the robot arm 50 and that 1s
nearest to the end eflector EE 1s directly pressed onto the
surface plate 18 so that positioning of the workpiece W 1s
performed. In this way, since the first joint portion J1 (an
example ol an abutting portion) of the robot arm 30 is
directly pressed onto the surface plate 18, ground vibration
(vibration 1n an outside environment) and vibration of the
robot arm apparatus 100 1tself are suppressed, and further-
more, imfluence on the tip end portion of the robot arm 30

and the workpiece W 1s suppressed.
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Here, when the first joint portion J1 1s not pressed onto the
surface plate 18, the robot arm 50 1s affected by the ground
vibration and the vibration of the robot arm apparatus 100
itself. On the other hand, since the first joint portion J1 of the
robot arm 50 1s pressed onto the surface plate 18 as illus-
trated 1in FIG. 6 1n this embodiment, influence of the vibra-
tion on the workpiece W 1s suppressed.

Furthermore, the tip end portion (a portion where the
workpiece W 1s held) of the robot arm apparatus 100 1s
casily aflected by the vibration described above. In the case
of FIG. 6, the influence of the wvibration 1s eflectively
suppressed since the first joint portion J1 that 1s a tip end
portion of the robot arm 50 1s pressed onto the surface plate
18.

FIG. 7 1s a diagram illustrating other examples of the
mounting step and the measuring step. In the case of FIG. 7,
the third joint portion (an elbow portion and an example of
the abutting portion) J3 of the robot arm 350 1s directly
pressed onto the surface plate 18 so that positioning of the
workpiece W 1s performed. In this way, also by directly
pressing the third joint portion J3 onto the surface plate 18,
the ground vibration and the vibration of the robot arm
apparatus 100 1tself are suppressed, and furthermore, 1ntlu-
ence of the vibration on the workpiece W held by the end
cllector EE of the robot arm 350 can be suppressed.
|[Changing Step]

FIG. 8 1s a diagram 1llustrating an example of the chang-
ing step (step S14 in FIG. 4). As 1illustrated 1n FIG. 8, when
an attitude of the workpiece W 1s to be changed, a portion
(the first joint portion J1, for example) of the robot arm 50
1s separated from the surface plate 18 for the change of the
attitude of the Workplece W. The robot arm 50 rotates the
end eflector EE 1n parallel to the X-Z plane so as to change
the attitude of the workplece W. For example, after a front
surface of the Workplece W 1s measured, the attitude of the
workpiece W 1s changed to measure a back surface of the
workpiece W 1n the changed attitude of the workpiece W.
After the attitude of the workpiece W 1s changed, a portion
of the robot arm 30 1s pressed onto the same portion of the
surface plate 18 as the position before the attitude of the
workpiece W 1s changed. In this state, the workpiece W 1s
measured after the attitude 1s changed. Note that a position
on the surface plate 18 where the portion of the robot arm 50
1s pressed before the change of the attitude of the workpiece
W may be different from that after the change. As described
above, since the attitude of the workpiece W can be changed
by operating the end eflector EE, diflerent measuring jigs are
not required for different attitudes of the workpiece W and
the attitude of the workpiece W can be easily changed.
{Modification of First Embodiment}

In the embodiment described above, a mode 1n which the
joint portion (the joint portion J1 or J3) of the robot arm 50
1s pressed onto the surface plate 18 (step S12 1n FIG. 4) 1s
described as an example of the mode 1n which a portion of
the robot arm 50 1s directly pressed onto the surface plate 18.
However, the presently disclosed subject matter 1s not
limited to this and a portion of the robot arm 50 may be
indirectly pressed onto the surface plate 18 1n step S12 of
FIG. 4. As an example of the mode in which a portion of the
robot arm 50 1s indirectly pressed onto the surface plate 18,
a case where a portion of the robot arm 50 1s pressed onto
a damping member (a block) disposed on the surface plate
18 1s described.

FIG. 9 1s a diagram 1illustrating an example 1n which the
first joint portion J1 serving as a portion of the robot arm 50
1s pressed onto an upper surface of a block B (hereinafter
referred to as “on the block B”) on the surface plate 18. In
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this way, when the first joint portion J1 1s pressed onto the
block B disposed on the surface plate 18, the eflect obtained
when the {first joint portion J1 i1s directly pressed onto the
surface plate 18 can be obtained. Specifically, the ground
vibration and the vibration of the robot arm apparatus 100
itsell can be suppressed by pressing the first joint portion J1
onto the block B. Furthermore, a space can be ensured
between the end eflector EE and the surface plate 18 when
the first joint portion J1 1s pressed onto the block B, and
therefore, even a workpiece WL having a long length 1n the
7. direction can be held and measured while the workpiece
WL 1s not 1n contact with the surface plate 18.

Note that a shape and material of the block B are not
particularly limited. The shape and the matenal of the block
B are selected taking the fact that a portion of the robot arm
50 1s pressed onto the block B disposed on the surface plate
18 and the fact that vibration is effectively suppressed since
a portion of the robot arm 30 1s pressed onto the block B into
consideration.

Furthermore, since a portion of the robot arm 50 1s
directly (or indirectly) pressed onto the surface plate 18
according to this embodiment, measuring accuracy can be
maintained even when the surface plate 18 1s inclined due to
a movement of the gate when compared with a case where
the robot arm 50 1s not pressed onto the surface plate 18 as
described below.

FIG. 10 1s a diagram 1llustrating a case where the gate of
the three-dimensional measuring machine 1 1s moved n a
state 1n which a portion of the robot arm 50 1s directly
pressed onto the surface plate 18. Note that an inclination of
the surface plate 18 1llustrated 1n FIG. 10 1s exaggerated for
explanation, and the inclination of the surface plate 18 1s
actually small. When the gate 1s moved along a Y axis, the
surface plate 18 1s slightly inclined due to a weight of the
gate. Specifically, when the gate 1s moved 1n a positive
direction of the Y axis, the surface plate 18 sinks in a
movement destination due to the weight of the gate, and on
the other hand, the surface plate 18 rises in the opposite
direction. Consequently, the surface plate 18 i1s slightly
inclined. Furthermore, the surface plate 18 1s a reference of
the measuring space (a measuring area) (g, and therefore, the
measuring space G of the three-dimensional measuring
machine 1 1s also inclined as illustrated 1n FIG. 10 as the
surface plate 18 1s inclined.

Here, a problem that arises when the workpiece W 1s
measured while the robot arm 50 1s not directly (or 1ndi-
rectly) pressed onto the surface plate 18 1s described. FIG.
11 1s a diagram 1illustrating a case where the gate of the
three-dimensional measuring machine 1 1s moved while the
robot arm 50 1s not pressed onto the surface plate 18. When
the robot arm 50 1s not pressed onto the surface plate 18, the
robot arm 350 does not move 1n accordance with an inclina-
tion of the surface plate 18 and the workpiece W held by the
robot arm 50 1s 1n a holding (fixed) state 1n a certain position
irrespective of the inclination of the surface plate 18.
Although a measuring space GB 1s changed to a measuring
space G 1n accordance with the inclination of the surface
plate 18, the position of the workpiece W cannot follow the
change and the workpiece W remains 1n the certain position.
Consequently, when the surface plate 18 1s inclined due to
a movement of the gate, the relative positional relationship
between the surface plate 18 (the measuring space) and the
workpiece W 1s considerably changed as the surface plate 18
inclines, and therefore, 1t 1s difficult to maintain the mea-
suring accuracy.

On the other hand, according to this embodiment (refer to
FIG. 10), measurement 1s performed 1n a state 1 which a
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portion (the first joint portion J1) of the robot arm 50 1s
directly (or indirectly) pressed onto the surface plate 18.
Accordingly, even when the surface plate 18 is inclined, a
position (an attitude) of the robot arm 50 1s changed by a
degree corresponding to the inclination of the surface plate
18, and a position of the workpiece W 1s also changed 1n
accordance with the change. Specifically, since the work-
piece W 1s moved 1n accordance with the inclination of the
surface plate 18, a large shift 1s hardly generated in the
relative position between the surface plate 18 and the
workpiece W. Therefore, even when the measuring space G
1s moved 1n accordance with the movement of the gate, a
shift 1s hardly generated 1n the relative position between the
workpiece W and the measuring space G, and therefore, the
measuring accuracy can be maintained when compared with
the case where a portion of the robot arm 350 1s not pressed
onto the surface plate 18 (refer to FIG. 11).

As described above, when the robot arm 50 1s pressed
onto the surface plate 18, a position of the workpiece W can
be moved in accordance with a change 1n the measuring
space even when the gate 1s moved, and therefore, the
measuring accuracy of the three-dimensional measuring
machine 1 can be maintained.

Although the example 1n which the joint portion serving
as a portion of the robot arm 50 1s directly or indirectly
pressed onto the surface plate 18 i1s illustrated in the descrip-
tion above, a portion to be pressed onto the surface plate 18
1s not limited to the joint portion of the robot arm 50 as long
as an eflect of suppression of vibration to the workpiece W
1s attained. For example, an arm (the arm A1l to the arm A3)
of the robot arm 50 may be directly or indirectly pressed
onto the surface plate 18, or another portion of the robot arm
50 may be directly or indirectly pressed onto the surface
plate 18. Furthermore, a portion onto which a portion of the
robot arm 50 1s to be directly or indirectly pressed 1s not
limited to the upper surface of the surface plate 18, and a
portion of the robot arm 50 may be directly or indirectly
pressed onto a side surface of the surface plate 18.

Second Embodiment

Next, a three-dimensional measuring system 2000 accord-
ing to a second embodiment 1s described. FIG. 12 1s a
diagram schematically 1llustrating a configuration of a three-
dimensional measuring system 2000 according to the second
embodiment. As 1illustrated in FIG. 12, the three-dimen-
sional measuring system 2000 according to the second
embodiment includes a three-dimensional measuring
machine 1 and a robot arm apparatus 200. Although the
robot arm apparatus 100 according to the first embodiment
includes the robot base 52 disposed outside the surface plate
18 of the three-dimensional measuring machine 1, the robot
arm apparatus 200 according to the second embodiment
includes a robot base 53 disposed on a surface plate 18 of the
three-dimensional measuring machine 1 instead of the robot
base 52.

Note that a configuration other than a position of the robot
base 53 1s basically the same as that of the first embodiment
and a method for measuring a workpiece W 1n the configu-
ration of the second embodiment i1s also basically the same
as that of the first embodiment, and therefore, descriptions
thereol are omitted. Furthermore, 1t 1s preferable that the
robot arm apparatus 200 1s relatively small for arrangement
on the surface plate 18.

As with the first embodiment, an attitude of a workpiece
can be easily changed also 1n the second embodiment since
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three-dimensional measurement can be performed while the
workpiece 1s held by an end eflector EE of a robot arm 50.

Furthermore, since the robot base 53 1s disposed on the
surface plate 18 1n the three-dimensional measuring system
2000 according to the second embodiment, a vibration 5
system of the robot arm apparatus 200 1s the same as a
vibration system 1n a horizontal direction (X and Y direc-
tions) and a vertical direction (a Z direction) of the three-
dimensional measuring machine 1, and accordingly, the
robot arm apparatus 200 1s hardly affected by vibration of an 10
outside environment. Consequently, influence of the vibra-
tion 1n the outside environment can be reduced and accuracy
of the three-dimensional measurement performed on the
workpiece W can be improved.

Next, measuring accuracy aflected by a change in an 15
attitude of the surface plate 18 in the three-dimensional
measuring system 2000 according to the second embodi-
ment 1s described with reference to FIG. 13. In FIG. 13, a
reference numeral 13A designates a case where measure-
ment 1s performed 1n a state in which a portion of the robot 20
arm 50 does not directly or indirectly abut on the surface
plate 18 1n the three-dimensional measuring system 1000
according to the first embodiment (that 1s, this case 1s the
same as the state 1n FIG. 11).

It 1s assumed that, before a gate of the three-dimensional 25
measuring machine 1 1s moved, the surface plate 18 1s
parallel to an X-Y plane and a center axis of the workpiece
W 1s parallel to a Z direction. As designated by a reference
numeral 13A, 1t 1s assumed that an attitude of the surtace
plate 18 1s changed such that the surface plate 18 1s inclined 30
relative to the horizontal direction due to a weight of the gate
since the gate of the three-dimensional measuring machine
1 1s moved 1n a positive direction of a Y axis so that a
position of the gate of the three-dimensional measuring
machine 1 1s shifted from a position designated by a dashed- 35
two-dotted line to a position designated by a solid line. Then
a measuring space G 1s changed in accordance with the
change 1n an attitude of the surface plate 18 as described
with reference to FIG. 11. Since the robot base 52 1s
disposed outside the surface plate 18, a position (a center 40
axis 1) of the workpiece W held by the end effector EE 1s
not changed 1n accordance with the change 1n the attitude of
the surface plate 18. Consequently, when the attitude of the
surface plate 18 1s changed due to the movement of the gate,
the relative positional relationship between the surface plate 45
18 (and the measuring space G) and the workpiece W 1s
changed and the change may have an adverse eflect on the
measurement accuracy.

A reference numeral 13B of FIG. 13 designates a case
where the gate of the three-dimensional measuring machine 50
1 1s moved similarly to the case of the reference numeral
13A in the three-dimensional measuring system 2000
according to the second embodiment. As designated by the
reference numeral 13B, since the robot base 53 1s disposed
on the surface plate 18, a position of the workpiece W held 55
by the end eflector EE can be changed in accordance with an
inclination of the surface plate 18. Consequently, even when
the surtace plate 18 1s inclined due to the movement of the
gate, the relative position between the surface plate 18 (and
the measuring space ) and the workpiece W 1s not con- 60
siderably changed 1n accordance with the inclination of the
surface plate 18 and the measuring accuracy 1s maintained.

In this way, according to the three-dimensional measuring
system 2000 of the second embodiment, the robot arm
apparatus 200 can follow the change 1n the attitude of the 65
surface plate 18, and therefore, the three-dimensional mea-
surement can be performed with high accuracy on the
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workpiece W while influence of the change 1n the attitude of
the surface plate 18 1s reduced.

A three-dimensional measuring method according to the
second embodiment 1s the same as the three-dimensional
measuring method according to the first embodiment 1llus-
trated 1n FIG. 4 except that the process of causing a portion
of the robot arm 50 to abut on the surface plate 18 performed
in step S12 1s omitted. Therefore, a detailed description of
the three-dimensional measuring method according to the
second embodiment 1s omuitted.

According to the first embodiment and the modification of
the first embodiment, a portion of the robot arm 50 directly
or indirectly abuts on the surface plate 18 so as to follow a
change 1n the attitude of the surface plate 18 caused by the
movement of the gate of the three-dimensional measuring
machine 1. On the other hand, according to the three-
dimensional measuring system 2000 of the second embodi-
ment, since the robot base 33 1s disposed on the surface plate
18, followability to the change 1n the attitude of the surface
plate 18 can be ensured even though a portion of the robot
arm 50 does not abut on the surface plate 18 at a time of
measurement.

Therefore, the process 1 step S12 1n the three-dimen-
sional measuring method according to the first embodiment
may be omitted 1n the second embodiment. Accordingly, a
degree of freedom of the attitude of the robot arm 50 1n
measurement 1s improved in the second embodiment when
compared with the first embodiment.

{Modification of Second Embodiment }

As described above, according to the first embodiment
and the modification of the first embodiment, a portion (an
abutting portion) of the robot arm 50, such as the joint
portion J1 or the joint portion J3, directly or indirectly abuts
on the surface plate 18 at the time of measurement. Simi-
larly, a portion of the robot arm 50 may directly or indirectly
abut on the surface plate 18 at the time of measurement also
in the second embodiment. Specifically, according to a
modification of the second embodiment, the process 1n step
S12 1s performed similarly to the three-dimensional mea-
suring method according to the first embodiment 1llustrated
in FIG. 4, for example.

A reference numeral 14A of FIG. 14 designates an
example of a state 1n which a portion of the robot arm 50
directly abuts on the surface plate 18 in the three-dimen-
sional measuring system 2000 according to the second
embodiment. A reference numeral 14B designates an
example of a state in which a joint portion of the robot arm
50 indirectly abuts on the surface plate 18 through a damp-
ing member (a block B in the drawing) disposed on the
surface plate 18. The block B may be the same as that of the
first embodiment.

As designated by the reference numerals 14A and 14B,
since a portion of the robot arm 50 directly or indirectly
abuts on the surface plate 18, vibration of the robot arm 50
itself can be reduced, and accordingly, measurement accu-
racy can be further improved. Furthermore, when a portion
of the robot arm 50 indirectly abuts on the surface plate 18
through the block B (the case designated by the reference
numeral 14B of FIG. 14), a gap can be ensured between the
end eflector EE and the surface plate 18 1n a Z direction, and
therefore, a workpiece W having a long length 1n the Z
direction can be well measured. Note that, although the joint
portion of the robot arm 50 directly or indirectly abuts on the
surface plate 18 1n the examples designated by the reference
numerals 14A and 14B, the abutting portion 1s obviously not
limited to the joint portion similarly to the modification of
the first embodiment.
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Third F

Embodiment

Next, a three-dimensional measuring system 3000 accord-
ing to a third embodiment 1s described. FIG. 15 1s a diagram
schematically illustrating a configuration of the three-di-
mensional measuring system 3000 according to the third
embodiment. As 1illustrated 1n FIG. 15, the three-dimen-
sional measuring system 3000 according to the third
embodiment includes a three-dimensional measuring
machine 2 and a robot arm apparatus 300. The robot arm
apparatus 300 1s constituted by adding arm vibration detect-
ing means 33 serving as relative-position change detecting
means to the robot arm apparatus 200 according to the
second embodiment. The three-dimensional measuring
machine 2 1s constituted by adding vibration correcting
means 31 (correcting means) to the three-dimensional mea-
suring machine 1 according to the first embodiment.

Also 1n the third embodiment, an attitude of a workpiece
can be easily changed since three-dimensional measurement
can be performed while the workpiece 1s held by an end
ellector EE of a robot arm 50.

The relative-position change detecting means detects a
change 1n a relative position between a surface plate 18 and
the robot arm 50. The relative-position change detecting
means may detect a change 1n a relative position on the robot
arm 50 side or may detect a change 1n a relative position on
the surface plate 18 side. Alternatively, the relative-position
change detecting means may detect a change 1n the relative
position on both the robot arm 50 side and the surface plate
18 side.

In FIG. 15, the arm vibration detecting means 355 1s
illustrated as an example of means for detecting vibration as
a change 1n a relative position on the robot arm 50 side. In
the robot arm apparatus 300, the arm wvibration detecting
means 55 detects vibration of the robot arm 50 1tself i a
horizontal direction (X and Y directions) and a vertical
direction (a Z direction) caused by a driving system or the
like of a motor of the robot arm 50 in real time 1n a state 1n
which the workpiece W 1s held by the end effector EE and
outputs a result of the detection to the correcting means 31
of the three-dimensional measuring machine 2. The term
“real time” means that vibration (a change i1n a relative
position) 1s detected at all time or at regular intervals 1n a
pertod of time 1n which a detection of the vibration 1s
required (a period of time in which the three-dimensional
measurement 1s performed on the workpiece W). Further-
more, vibration may be detected at 1rregular intervals 1nstead
of the regular intervals. Furthermore, instead of the detection
of vibration 1n real time, data on vibration may be received
from an outside.

Here, an arbitrary type of vibration detecting apparatus
can be used as the arm vibration detecting means 55.
Examples of the arm vibration detecting means 55 include a
position sensor, a vibration sensor, a laser tracker, and
displacement measuring means. Furthermore, examples of
the wvibration sensor include an acceleration sensor and
various types of gyroscope sensor. Moreover, examples of
the displacement measuring means include a capacitance
displacement sensor, an eddy current displacement sensor,
and a laser iterferometer.

In addition, the arm vibration detecting means 335 1s
preferably disposed in the vicinity of the end effector EE
holding the workpiece W. By this, influence of vibration of
the robot arm 50 itsellf on the workpiece W can be more
accurately detected.

The vibration correcting means 31 of the three-dimen-
sional measuring machine 2 calculates amplitudes i X, Y,
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and 7 directions based on vibrations of the robot arm 50 1n
the X, Y, Z directions indicated by the arm vibration detect-
ing means 535 and corrects a measured value of the three-
dimensional measurement performed on the workpiece W 1n
real time, for example, based on the calculated amplitudes.
By this, influence of the vibration of the robot arm 50 can be
reduced and measurement accuracy can be Tfurther
improved.

Note that, istead of the arm vibration detecting means
53, surface-plate vibration detecting means 56 for detecting
a change 1n a relative position between the surface plate 18
and the robot arm 50 on the surface plate 18 side may be
disposed on the three-dimensional measuring machine 2 as
the relative-position change detecting means. The surface-
plate vibration detecting means 36 1s disposed 1n the vicinity
of the surface plate 18, e.g., on the surface plate 18. The
surface-plate vibration detecting means 56 detects vibrations
of the surface plate 18 1n the X, Y, and Z directions as a
change 1n the relative position 1n real time, for example. As
with the case of the arm wvibration detecting means 55, an
arbitrary type of vibration detecting apparatus can be used as
the surface-plate vibration detecting means 36.

The vibration correcting means 31 calculates amplitudes
in the various directions based on the vibrations of the
surface plate 18 in the various directions detected by the
surface-plate vibration detecting means 56 and further cor-
rects a measured value of the three-dimensional measure-
ment performed on the workpiece W based on the ampli-
tudes 1n the various directions. By this, influence of the
vibration of the surface plate 18 can be reduced and mea-
surement accuracy can be further improved.

Alternatively, the arm vibration detecting means 55 and
the surface-plate vibration detecting means 36 may be
disposed on the three-dimensional measuring machine 2 as
the relative-position change detecting means. In this case,
the vibration correcting means 31 corrects a measured value
of the three-dimensional measurement performed on the
workpiece W based on vibration of the robot arm 30
detected by the arm wvibration detecting means 55 and
vibration of the surface plate 18 detected by the surface-
plate vibration detecting means 56.

Hereinatter, an example of a configuration of the relative-
position change detecting means 1s described in detail. A
case where the arm vibration detecting means 35 and the
surface-plate vibration detecting means 56 serving as the
relative-position change detecting means have a plurality of
laser trackers 1s now described. FIG. 16 1s a diagram
illustrating an example of arrangement of reflectors of a
plurality of laser trackers and a plurality of laser tracker
bodies.

As 1llustrated 1n FIG. 16, a laser tracker serving as the arm
vibration detecting means 35 includes a retlector 35R and a
laser tracker body 55M. The reflector 55K 1s disposed on the
end eflector EE, for example, and the laser tracker body 55M
1s disposed on the three-dimensional measuring machine 2,
for example.

Although the laser tracker body 55M 1s disposed on the
surface plate 18 1n FIG. 16, the laser tracker body 55M may
be obviously disposed outside the surface plate 18.

The laser tracker body 35M {faces the reflector 55R. The
laser tracker body 55M emuts laser light to the reflector 55R
and receives the laser light reflected by the reflector 55R
(retlected light) so as to detect a change 1n a relative position
between the end efl EE and the surface plate 18 (a

ector B
displacement of the retlector 55R). The principle and a
configuration of the laser tracker are generally known, and
therefore, detailed descriptions thereof are omaitted.
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Furthermore, a laser tracker serving as the surface-plate
vibration detecting means 36 includes a plurality of reflec-
tors S6R disposed on side surfaces of the surface plate 18 in
the X and Y directions and a plurality of laser tracker bodies
56M facing the respective reflectors 56R. The laser tracker

bodies 56M are preferably disposed outside the surface plate
18.

The mdividual laser tracker bodies 56 M emit laser light to
the respective retlectors 56R that face the laser tracker
bodies 56M and receive laser light reflected by the reflectors
56R (reflected light) so as to detect a change of a relative
position between the end eflector EE and the surface plate 18
(a displacement of the retlectors 56R).

Although the number of laser trackers may be one 1n the
surface-plate vibration detecting means 56, a change of a
relative position of the surface plate 18 (a displacement of
the retlector S6R) 1s preferably detected by a plurality of
laser trackers when the surface plate 18 1s comparatively
large.

Furthermore, inclination detecting means (not 1llustrated)
for detecting an inclination (a change 1n an attitude) of the
surface plate 18 may be disposed on the three-dimensional
measuring machine 2 1n addition to the surface-plate vibra-
tion detecting means 56. Examples of the inclination detect-
ing means include an inclination sensor, an acceleration
sensor, and a gyroscope sensor.

In this case, the vibration correcting means 31 corrects a
measured value of the three-dimensional measurement per-
formed on the workpiece W 1n real time, for example, based
on vibrations ol the surface plate 18 in the individual
directions detected by the surface-plate vibration detecting
means 36 and an inclination of the surface plate 18 detected
by the inclination detecting means. By this, accuracy of the
three-dimensional measurement can be further improved.

Note that the inclination detecting means may be disposed
instead of the surface-plate vibration detecting means 56.

FIG. 17 1s a flowchart of a three-dimensional measuring
method according to the third embodiment. In FIG. 17, steps
the same as those 1n the flowchart of FIG. 4 are designated
by reference numerals the same as those in FIG. 4, and
descriptions of the same steps are omitted.

As 1llustrated 1n FIG. 17, since the robot base 53 1s
disposed on the surface plate 18 also in the third embodi-
ment similarly to the second embodiment, a step of causing
a portion of the robot arm 50 to directly or indirectly abut on
the surface plate 18 (step S12 1n FIG. 4, for example) may
be omitted.

In the third embodiment, when the workpiece W 1s
conveyed to a measuring space (step S11), the relative-
position change detecting means (that 1s, the arm vibration
detecting means 535 and/or the surface-plate vibration detect-
ing means 56) starts detection of a change in a relative
position between the surface plate 18 and the robot arm 50
(step S20) and outputs a result of the detection to the
vibration correcting means 31 in real time, for example.
Every time the three-dimensional measurement 1s performed
(step S13 and step S135), the vibration correcting means 31
corrects a measured value of the three-dimensional mea-
surement based on the result of the detection output from the
relative-position change detecting means (step S21 and step
S22).

More specifically, when the three-dimensional measuring
system 3000 includes the arm vibration detecting means 55
and the surface-plate vibration detecting means 36, for
example, the vibration correcting means 31 corrects a mea-
sured value of the three-dimensional measurement per-

10

15

20

25

30

35

40

45

50

55

60

65

20

formed on the workpiece W such that vibration of the
surface plate 18 1s cancelled by vibration of the robot arm
50.

Since the robot base 53 1s disposed on the surface plate 18
in this embodiment as described above, the robot arm
apparatus 300 1s hardly afl

ected by vibration of an outside
environment. Furthermore, even when an attitude of the
surface plate 18 1s changed due to a movement of a gate, the
robot arm apparatus can follow the change in the attitude of
the surface pla‘[e 18. However, since the three-dimensional
measurement 1s performed i1n a state i which the end
cllector EE holds the workpiece W even in this case,
vibration of the robot arm 50 itself may affect a measured
value of the three-dimensional measurement.

Therelfore, the influence of the vibration of the robot arm
50 itself 1s suppressed by correcting a measuring result of the
three-dimensional measurement based on a change i a
relative position between the surface plate 18 and the robot
arm 30 1n step S21 and step S22. Accordingly, accuracy of
the three-dimensional measurement can be further
improved.

Here, the correction of a measured value of the three-

dimensional measurement based on a result of detection of
a change 1n a relative position 1s described 1n detail. It 1s
assumed, for the sake of explanation, that the relative-
position change detecting means detects a temporal change
in relative positions of the robot arm 50 1n the X, Y, and Z
directions. In this case, a wavelorm 1llustrated 1n FIG. 18 1s
obtained 1n the individual X, Y, and Z directions. FIG. 18 1s
an example graph indicating a temporal change of a relative
position 1n one direction detected by the relative-position
change detecting means, 1n which a horizontal axis of the
graph denotes time and a vertical axis of the graph denotes
a change amount (amplitude) of a relative position.
The vibration correcting means 31 calculates amplitudes
in the mdividual directions based on the waveform 1illus-
trated 1n FIG. 18 so as to correct a measured value of the
three-dimensional measurement performed on the work-
piece W based on the calculated amplitudes. More specifi-
cally, the vibration correcting means 31 adds values corre-
sponding to the amplitudes detected by the relative-position
change detecting means to a measured value (a measured
coordinates) of the three-dimensional measurement in the
individual X, Y, and Z directions or subtracts values corre-
sponding to the amplitudes from the measured value of the
three-dimensional measurement so that influence of the
change in the relative position 1s cancelled. The addition or
the subtraction to be performed 1s determined based on a
direction of the change in the relative position.

In this way, a shift ol a measured point generated due to
vibration of the robot arm 350 at the time of the three-
dimensional measurement can be corrected. Accordingly,
accuracy of the three-dimensional measurement can be
further improved.

{First Modification of Third Embodiment }

As with the modification of the second embodiment, a
portion of the robot arm 50 may directly or indirectly abut
on the surface plate 18 at a time of measurement also 1n the
third embodiment. In a modification of the third embodi-
ment, for example, a step of causing a portion of the robot
arm 50 to directly or indirectly abut on the surface plate 18
at a time of measurement (step S12 i FIG. 4, for example)
may be added between step S1/ and step S13 1n the mea-
suring method according to the third embodiment illustrated
in FIG. 17. This enables reduction of the vibration of the
robot arm 50 itself, and therefore, measuring accuracy can

be further improved.
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{Second Modification of Third Embodiment}

In addition to the surface-plate vibration detecting means

56, inclination detecting means (not illustrated) for detecting
an inclination of the surface plate 18 may be included 1n the
three-dimensional measuring machine 2. Examples of the
inclination detecting means include an inclination sensor, an
acceleration sensor, and a gyroscope sensor.

The vibration correcting means 31 corrects a measured
value of the three-dimensional measurement performed on
the workpiece W 1n real time, for example, based on
vibrations of the surface plate 18 1n the individual directions
detected by the surface-plate vibration detecting means 56
and an inclination of the surface plate 18 detected by the
inclination detecting means. By this, accuracy of the three-
dimensional measurement can be further improved.

Note that the inclination detecting means may be disposed
instead of the surface-plate vibration detecting means 56.

Fourth Embodiment

Next, a three-dimensional measuring system 4000 accord-
ing to a fourth embodiment 1s described. FIG. 19 i1s a
diagram schematically illustrating a configuration of the
three-dimensional measuring system 4000 according to the
fourth embodiment. As illustrated in FIG. 19, the three-
dimensional measuring system 4000 according to the fourth
embodiment 1ncludes a three-dimensional measuring
machine 2 and a robot arm apparatus 400. The robot arm
apparatus 400 1s constituted by replacing the robot base 53
of the robot arm apparatus 300 of the third embodiment with
a robot base 52. The three-dimensional measuring machine
2 15 basically the same as the three-dimensional measuring
machine 2 according to the third embodiment.

A three-dimensional measuring method according to the
fourth embodiment 1s basically the same as that of the third
embodiment, and therefore, a description thereof 1s omitted.
Also 1n the fourth embodiment, an attitude of a workpiece
can be easily changed since three-dimensional measurement
can be performed while the workpiece 1s held by an end
cllector EE of a robot arm 50.

The robot base 52 1s disposed outside the surface plate 18
in the fourth embodiment, and therefore, a vibration system
of the three-dimensional measuring machine 2 and a vibra-
tion system of the robot arm apparatus 400 are diflerent from
cach other similarly to the first embodiment. However,
influence of vibration of the robot arm 50 and/or influence
of vibration of the surface plate 18 can be reduced since
relative-position change detecting means (that 1s, arm vibra-
tion detecting means 355 and/or surface-plate vibration
detecting means 56) and vibration correcting means 31 are
provided. Accordingly, as with the third embodiment, a
portion of the robot arm 50 may not directly or indirectly
abut on the surface plate 18 unlike the first embodiment.

Since the robot base 52 1s not required to be disposed on
the surface plate 18 in the three-dimensional measuring
system 4000 according to the fourth embodiment, a larger
robot arm apparatus can be used as the robot arm apparatus
400 when compared with the third embodiment.

{First Modification of Fourth Embodiment}

As with the first embodiment and the modification of the
first embodiment, a portion of the robot arm 50 may directly
or indirectly abut on the surface plate 18 at a time of
measurement also 1n the fourth embodiment. A three-dimen-
sional measuring method according to the fourth embodi-
ment 1s basically the same as that of the modification of the
third embodiment, and therefore, a description thereof 1s
omitted. Also 1n the modification of the fourth embodiment,

10

15

20

25

30

35

40

45

50

55

60

65

22

the vibration of the robot arm 50 itself can be reduced, and
therefore, accuracy of the three-dimensional measurement
performed on the workpiece W can be further improved.
{Second Modification of Fourth Embodiment}

As with the second modification of the third embodiment,
inclination detecting means (not 1llustrated) for detecting an
inclination of the surface plate 18 may be included 1n the
three-dimensional measuring machine 2 1n addition to the
surface-plate vibration detecting means 36. By this, also 1n
a second modification of the fourth embodiment, the vibra-
tion correcting means 31 can correct a measured value of the
three-dimensional measurement performed on the work-
piece W 1n real time, for example, based on vibrations of the
surface plate 18 1n the individual directions detected by the
surface-plate vibration detecting means 36 and an inclina-
tion of the surface plate 18 detected by the inclination
detecting means, and accordingly, accuracy of the three-
dimensional measurement can be further improved. Note
that the inclination detecting means may be disposed instead

of the surface-plate vibration detecting means 56.

Fitth Embodiment

Next, a three-dimensional measuring system 5000 accord-
ing to a fifth embodiment 1s described. FIG. 20 1s a diagram
schematically illustrating a configuration of the three-di-
mensional measuring system 5000 according to the fifth
embodiment. As illustrated in FIG. 20, the three-dimen-
sional measuring system 5000 according to the fifth embodi-
ment includes a three-dimensional measuring machine 3 and
a robot arm apparatus 500.

The robot arm apparatus 500 1s constituted by adding
temperature detecting means 37 to the robot arm apparatus
100 according to the first embodiment. The three-dimen-
sional measuring machine 3 1s constituted by adding tem-
perature correcting means (correcting means) 32 to the
three-dimensional measuring machine 1 according to the
first embodiment.

As with the first embodiment, an attitude of a workpiece
can be easily changed since three-dimensional measurement
can be performed while the workpiece 1s held by an end
ellector EE of a robot arm 50 also in the fifth embodiment.

As the temperature detecting means 57, an arbitrary type
of temperature sensor can be used. Examples of the tem-
perature detecting means 37 include a thermocouple ther-
mometer, a resistance thermometer, an infrared thermom-
eter, and a bimetal thermometer.

Although the temperature detecting means 57 may be
disposed 1n any position 1n the robot arm apparatus 300 as
long as the temperature detecting means 57 can detect a
temperature of the workpiece W held by the end efector EE,
the temperature detecting means 57 1s preferably disposed
on a holding surface of the end etfector EE for holding
(grasping) the workpiece W. Accordingly, a temperature of
the workpiece W held by the end efiector EE can be detected
with high accuracy.

In the three-dimensional measuring machine 3, the tem-
perature correcting means 32 determines whether the three-
dimensional measurement 1s to be performed based on the
temperature of the workpiece W detected by the temperature
detecting means 57. Furthermore, the temperature correcting
means 32 corrects a measured value of the three-dimen-
sional measurement based on the detected temperature of the
workpiece W.

Next, an example of the end eflector EE including the
temperature detecting means 37 1s described with reference
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to FIGS. 21 and 22. The end eflector EE 1s appropnately
changed depending on a shape and matenial of the workpiece
W.

FIG. 21 1s a diagram 1illustrating an example of the end
cllector EE that can be suitably used when a rectangular
workpiece W 1s held. A reference numeral 21A i FIG. 21
designates a front view of the end eflector EE and a
reference numeral 21B designates a diagram illustrating a
holding surface. As designated by the reference numeral
21A, the end eflector EE includes a base portion 71 and a
pair of claw portions 72. The base portion 71 1s coupled with
a first arm A1l of the robot arm 50 on a base end side of the
base portion 71. The pair of claw portions 72 1s disposed on
the base portion 71 on a tip end side of the base portion 71.
The pair of claw portions 72 1s movable so as to be separated
from each other and close to each other, and the workpiece
W 1s held mn a gap of the pair of claw portions 72 as
designated by a reference numeral 21C. Specifically, por-
tions that face each other 1n the pair of claw portions 72 form
a pair of holding surfaces 73 for holding the workpiece W.

As designated by the reference numeral 21B, the tem-
perature detecting means 57 1s disposed on at least one of the
holding surfaces 73. When the workpiece W 1s held by t

he
end eflector EE, the workpiece W 1s brought into contact
with the temperature detecting means 57 disposed on at least
one of the holding surfaces 73 and the temperature detecting
means 57 starts detection of a temperature of the workpiece
W. Preferably, the temperature detecting means 57 1s dis-
posed on all the holding surfaces 73. In this way, tempera-
ture measuring accuracy can be improved.

FIG. 22 1s a diagram 1llustrating an example of an end
cllector EE that can be suitably used when a cylindrical
workpiece W 1s held. A reference numeral 22A i FIG. 22
designates a front view of the end eflector EE and a
reference numeral 22B designates a bottom view. As des-
ignated by the reference numerals 22A and 22B, the end
ellector EE includes a base portlon 75 and a set of three
chucks 76. The base portion 735 1s coupled with a first arm
Al of the robot arm 50 on a base end side of the base portion
75. The set of chucks 76 1s disposed on the base portion 75
on a tip end side of the base portion 75. The set of chucks
76 1s concyclic at an 1nterval of 120 degrees and the chucks
76 can be individually moved in a radial direction. As
designated by a reference numeral 22C, the workpiece W 1s
held 1 a gap formed by the set of chucks 76. Specifically,
surtaces of the set of chucks 76 on a center side in the radial
direction constitute a set of holding surfaces 77 for holding
the workpiece W.

As designated by the reference numeral 22B, the tem-
perature detecting means 57 1s disposed on at least one of the
holding surfaces 77. Preferably, the temperature detecting,
means 37 1s disposed on all the holding surfaces 77.

FIG. 23 1s a flowchart of a three-dimensional measuring,
method according to the fifth embodiment. In FIG. 23, steps
the same as steps 1n the flowchart of FIG. 4 are designated
by the reference numerals the same as those 1n FIG. 4, and
descriptions of the same steps are omitted. As 1s apparent
from FIG. 23, the three-dimensional measuring method
according to the fifth embodiment 1s obtained by adding step
S30 to step S33 to the three-dimensional measuring method
according to the first embodiment. Note that, although a
portion of the robot arm 30 directly abuts on the surface
plate 18 in the first embodiment (step S12, for example), as
with the modification of the first embodiment, obviously, a
portion of the robot arm 50 may indirectly abut on the
surface plate 18.
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In the fifth embodiment, when the end effector EE holds
the workpiece W (step S10), the workpiece W and the
temperature detecting means 57 are brought into contact
with each other and the temperature detecting means 57
starts detection of a temperature of the workpiece W (step
S30: a temperature detecting step). Therealter, the tempera-
ture detecting means 57 outputs a result of the detection of
the temperature to the temperature correcting means 32 at a
regular interval, at an irregular interval, or in real time in
parallel to a process from step S11 to step S33.

Here, when the temperature detecting means 57 does not
automatically output the result of the detection of the
temperature to the temperature correcting means 32, the
temperature correcting means 32 may transmit a signal for
instructing an output of the result of the detection of the
temperature to the temperature detecting means 57, for
example, after an attitude of the workpiece W 1s set (step
S12).

In this way, since the temperature detecting means 57 can
automatically start the detection of a temperature of the
workpiece W at a timing when the end effector EE holds the
workpiece W, the process of attaching a sensor for detecting
a temperature of the workpiece W to the robot arm 30 or the
like to be performed by the user may be omitted. Further-
more, the detection of a temperature of the workpiece W 1s
started 1n a state 1n which the end effector EE holds the
workpiece W, and therefore, the detection of a temperature
of the workpiece W can be performed 1n a period of time
from when the workpiece W 1s held (step S10: the holding
step) to when the workpiece W 1s mounted (step S12). Thas
1s considerably advantageous when a comparatively long
period of time 1s required for activation of the temperature
detecting means 57. Accordingly, efliciency of the three-
dimensional measurement can be improved.

When a measuring attitude of the workpiece W 1s deter-
mined by causing a portion of the robot arm 30 to directly
or indirectly abut on the surface plate 18 (step S12), the
temperature correcting means 32 of the three-dimensional
measuring machine determines whether a temperature of the
workpiece W detected by the temperature detecting means
57 satisfies a predetermined temperature condition (step
S31: a temperature determining step).

Here, the temperature condition 1s set in advance based on
a temperature range of the workpiece W that can be mea-
sured by the three-dimensional measuring machine 3, for
example. When a temperature of atmosphere in the three-
dimensional measurement 1s 20 degrees Celsius, the prede-
termined temperature condition may be set to 20+£2 degrees
Celsius or 20x1 degrees Celsius.

When 1t 1s determined that a temperature of the workpiece
W does not satisty the predetermined temperature condition
(step S31: No), a result of the determination 1s transmitted
to the user (not 1llustrated) and the temperature determina-
tion 1s performed again based on a temperature newly
detected after a predetermined period of time has elapsed.
When 1t 1s determined that a temperature of the workpiece
W 1s suitable for measurement to be performed on the
workpiece W (step S31: Yes), the three-dimensional mea-
surement 1s performed on the workpiece W (step S13).

Subsequently, the temperature correcting means 32 cor-
rects a measured value of the three-dimensional measure-
ment performed on the workpiece W based on a result of the
detection of the temperature of the workpiece W output from
the temperature detecting means 37 during the three-dimen-
sional measurement performed on the workpiece W (step
S32). Here, when the temperature detecting means 57
detects a temperature 1n real time and the value of the
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detected temperature 1s output to the temperature correcting
means 32 1n real time, a measured value of the three-
dimensional measurement may be corrected in real time.

When the three-dimensional measurement 1n the attitude
determined i step S12 1s terminated, the robot arm 50
changes the attitude of the workpiece W (step S14). Subse-
quently, the three-dimensional measurement (step S13) is
similarly performed on the workpiece after the change of the
attitude, and a measured value of the three-dimensional
measurement 1s corrected based on the detected temperature
(step S32).

In this way, by correcting the measured value of the
three-dimensional measurement based on the temperature of
the workpiece W, accuracy of the three-dimensional mea-
surement performed on the workpiece W can be improved.
Here, 1t 1s determined whether the workpiece W satisfies the
predetermined temperature condition 1n the foregoing
description (step S31 in FIG. 23). However, when 1t 1s
known 1n advance that the workpiece W satisfies the pre-
determined temperature condition, step S31 1n FIG. 23 may
be omitted. In this way, efliciency of the three-dimensional
measurement can be further improved.

{First Modification of Fifth Embodiment}

Next, a first modification of the fifth embodiment i1s
described. Although a workpiece W that 1s determined that
the temperature condition 1s not satisfied 1n the temperature
determination 1s not moved in the filth embodiment, a
workpiece W that 1s determined that the temperature con-
dition 1s not satisfied 1s moved to a temperature pre-condi-
tioming area, for example, in the first modification of the fifth
embodiment.

According to the first modification of the fifth embodi-
ment, a workpiece stocker storing the workpiece W and a
place where the workpiece W that does not satisiy the
predetermined temperature condition 1s temporarily stored
(the temperature pre-conditioning area) are provided in
advance (not 1llustrated) 1n the vicinity of the three-dimen-
sional measuring system 5000. A configuration of the three-
dimensional measuring system according to the first modi-
fication of the fifth embodiment 1s the same as that of the
three-dimensional measuring system 5000 according to the
fifth embodiment, and therefore, a description of a system
configuration 1s omitted.

FIG. 24 1s a flowchart of a three-dimensional measuring,
method according to the first modification of the {fifth
embodiment. As illustrated 1n FIG. 24, 1n the first modifi-
cation of the fifth embodiment, step S40 1s added, when it 1s
determined that the predetermined temperature condition 1s
not satisfied 1 step S31, to the flowchart of the three-
dimensional measuring method according to the fifth
embodiment illustrated 1n FIG. 23, and step S34, step S41,
and step S42 are added after step S33. Other steps are
basically the same as those of the fifth embodiment, and
therefore, descriptions thereol are omitted.

In the first modification of the fifth embodiment, when it
1s determined that a result of the detection of a temperature
of the workpiece W satisfies the predetermined temperature
condition (Yes 1n step S31), the workpiece W 1s conveyed
out of the three-dimensional measuring machine 3 (step
S34) after the three-dimensional measurement and the tem-
perature correction are performed on the workpiece W
similarly to the fifth embodiment, and thereatter, the process
proceeds to step S41.

On the other hand, when 1t 1s determined that the result of
the detection of the temperature of the workpiece W does not
satisty the predetermined temperature condition (No 1n step
S31), the process proceeds to step S41 after the workpiece
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W held by the end eflector EE 1s moved to the temperature
pre-conditioning area (step S40: a conveying step).
According to the first modification of the fifth embodi-
ment, a temperature can be determined 1n a state in which the
workpiece W 1s held, and the workpiece W that does not
satisly the temperature condition can be quickly conveyed
out of the three-dimensional measuring machine 3 without
detaching the workpiece W from the end efiector EE once.
In this way, an operation rate of the three-dimensional

measuring machine 3 can be improved.

Subsequently, 1n step S41, 1t 1s determined whether the
workpiece stocker includes another workpiece. When 1t 1s
determined that the workpiece stocker includes another
workpiece (Yes 1n step S41), the process returns to step S10
and the process 1n step S10 onwards 1s performed on the
other workpiece W included 1n the workpiece stocker.

When 1t 1s determined that the workpiece stocker does not
include another workpiece (No 1n step S41), 1t 1s determined
whether another workpiece 1s 1n the temperature pre-condi-
tioning area (step S42). When 1t 1s determined that another
workpiece 1s 1n the temperature pre-conditioning area (Yes
in step S42), the process returns to step S10 and the process
in step S10 onwards 1s performed on the other workpiece W
in the temperature pre-conditioning area. When 1t 1s deter-
mined that another workpiece 1s not 1in the temperature
pre-conditioning arca (No 1n step S42), the process 1s
terminated.

Obviously, the first modification of the fifth embodiment
can attain the same eflects as the fifth embodiment. Further-
more, the workpiece W determined that the predetermined
temperature condition 1s not satisiied 1s temporarily moved
to the temperature pre-conditioning area in step S40 accord-
ing to the first modification of the fifth embodiment. Then
alter the three-dimensional measurement i1s performed on
the other workpiece W obtained from the workpiece stocker,
the three-dimensional measurement i1s performed on the
workpiece W which has been subjected to the temperature
pre-conditioning (the temperature pre-conditionming 1s com-
pleted) 1n the temperature-preconditioning area. In this way,
an operation rate ol the three-dimensional measuring
machine 3 can be improved.

{Second Modification of Fifth Embodiment}

In the fifth embodiment described above, the temperature
detecting means 57 and the temperature correcting means 32
are added to the robot arm apparatus 100 and the three-
dimensional measuring machine 1 according to the first
embodiment, respectively. However, the temperature detect-
ing means 37 and the temperature correcting means 32 may
be added to the three-dimensional measuring systems 2000
and 3000 including the robot base 33 disposed on the surface
plate 18 according to the second and third embodiments
instead of the robot base 352 disposed outside the surface
plate 18.

The three-dimensional measuring method according to
the second modification of the fifth embodiment 1s obtained
by removing the step (step S12) of causing a portion of the
robot arm 30 to directly or indirectly abut on the surface
plate 18 from the flowcharts 1n FIGS. 23 and 24. Specifi-
cally, when the second modification of the fifth embodiment
1s applied to the fifth embodiment and the first modification
of the fifth embodiment described above, 1n addition to the
cllects of the fifth embodiment and the first modification of
the fifth embodiment described above, the effects of the
second and third embodiments in which influence of vibra-
tion 1 an outside environment can be reduced and fol-
lowability to a change in an attitude of the surface plate 18
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can be ensured although the robot arm 50 does not directly
or indirectly abut on the surface plate 18 can be attained.
{Third Modification of Fifth Embodiment}

A configuration of a three-dimensional measuring system
according to a third modification of the fifth embodiment 1s
the same as that of the three-dimensional measuring system
5000 according to the fifth embodiment, and therefore, a
description of a system configuration 1s omitted.

FIG. 25 1s a flowchart of a three-dimensional measuring
method according to the third modification of the fifth
embodiment. As illustrated 1n FIG. 25, according to the third
modification of the fifth embodiment, step S12 1n the tlow-
chart of the three-dimensional measuring method according
to the fifth embodiment illustrated in FIG. 23 1s replaced
with step S50. Furthermore, step S51 1s added when 1t 1s
determined that the predetermined temperature condition 1s
satisfied 1n step S31, and step S34 and step S32 are added
alter step S33. Moreover, step S33 1s added when 1t 1s
determined that the predetermined temperature condition 1s
not satisiied 1n step S31. Other steps are basically the same
as those of the fifth embodiment, and therefore, descriptions
thereol are omitted.

The three-dimensional measurement 1s performed 1n a
state 1n which the workpiece W 1s held by the end effector
EE 1n the fifth embodiment and the first and second modi-
fications of the fifth embodiment. On the other hand, in the
third modification of the fifth embodiment, the three-dimen-
sional measurement 1s performed 1n a state 1n which the
workpiece W 1s mounted on the surface plate 18 and the
workpiece W 1s detached from the end eflector EE.

Theretore, 1n the third modification of the fifth embodi-
ment, alter the workpiece W 1s conveyed to the three-
dimensional measurement 3 in step S11 (step S11), the
workpiece W 1s mounted on the surface plate 18 so as to be
disposed 1n a predetermined measuring position 1n a mea-
suring space (step S50). Here, the workpiece W may be
directly mounted on the surface plate 18 or indirectly
mounted on the surface plate 18 through a jig (not illus-
trated).

After the workpiece W 1s mounted in step S50, the
workpiece W 1s preferably held by the end effector EE until
at least a result of the detection of the temperature 1s output.
This 1s because, when the end eflector EE releases the
workpiece W, the temperature detecting means 57 disposed
on the end eflector EFE 1s exposed in an outside air, and
therefore, a temperature of the workpiece W may not be
appropriately measured.

After step S50, when the temperature detecting means 57
outputs the result of the detection of the temperature of the
workpiece W to the temperature correcting means 32, the
temperature correcting means 32 determines whether the
result of the detection of the temperature of the workpiece W
satisfies the predetermined temperature condition (step S31).
Note that, when 1t 1s known 1n advance that the workpiece
W satisfies the predetermined temperature condition, step
S31 may be omitted, for example. In this way, etliciency of
the three-dimensional measurement can be further
improved.

When 1t 1s determined that the result of the detection of
the temperature of the workpiece W does not satisiy the
predetermined temperature condition (No 1 step S31),
information on the fact 1s transmitted to the user (not
illustrated). Subsequently, after the end eflector EE moves
the workpiece W held by the end eflector EE from a
measuring position to a predetermined position outside the
three-dimensional measuring machine 3 (step S33: a con-

veying step), the process proceeds to step S32.
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Since the temperature can be determined 1n the state in
which the workpiece W 1s held, the workpiece W that does
not satisiy the temperature condition can be quickly con-
veyed out of the three-dimensional measuring machine 3
without detaching the workpiece W trom the end effector EE
once. In this way, an operation rate of the three-dimensional

measuring machine 3 can be improved.

When 1t 1s determined that the result of the detection of
the temperature of the workpiece W satisfies the predeter-
mined temperature condition (Yes in step S31), the work-
piece W 1s detached from the end eflector EE and the robot
arm 50 1s retracted (step S51). Subsequently, the three-
dimensional measurement 1s performed on the workpiece W
similarly to the fifth embodiment, and furthermore, tempera-
ture correction 1s performed based on the temperature used
in the temperature determination performed 1n step S31.

Note that, when a change 1n an attitude of the workpiece
W 1s required at a time of the three-dimensional measure-
ment, the end efl EF

‘ector EE holds the workpiece W again and
the attitude of the workpiece W 1s changed before the
three-dimensional measurement and the temperature correc-
tion are performed.

After the three-dimensional measurement 1s terminated,
the robot arm apparatus 500 conveys the workpiece W that
has been subjected to the measurement out of the three-
dimensional measuring machine 3 (step S34). When there 1s
another workpiece W to be measured (Yes 1n step S52), the
process returns to step S10 and the same process 1s per-
formed again on the new workpiece W.

When there 1s no other workpiece W to be measured (No
in step S352), the process 1s terminated. Obviously, as with
the fifth embodiment, an effect in which the attachment of
the temperature detecting means 57 by human hand can be
climinated and an effect in which the temperature detection
can be started at an early timing 1s attained according to the
third modification of the fifth embodiment.

Furthermore, although the three-dimensional measure-
ment 1s performed 1n the state 1n which the workpiece W 1s
detached from the end effector EE according to the third
modification of the fifth embodiment, even in this case, a
temperature can be detected and the temperature determi-
nation can be performed 1n the state in which the workpiece
W 1s held by the end efiector EE before being detached from
the end eflector EE. Accordingly, since the workpiece W in
this state that does not satisty the temperature condition can
be quickly conveyed an operation rate of the three-dimen-

sional measuring machine 3 can be improved.

Furthermore, step S51 and step S52 in FIG. 25 may be
changed to step S40 to step S42 in FIG. 24. By this, 1n
addition to the ellects described above, the effects of the first
modification of the fifth embodiment can be attained.

Note that, also in the modifications of the fifth embodi-
ment, the robot base 53 disposed on the surface plate 18 may
be used instead of the robot base 52 disposed outside the
surface plate 18.

{Fourth Modification of Fifth Embodiment}

The arm vibration detecting means 53 and/or the surface-
plate vibration detecting means 56 and the vibration cor-
recting means 31 described 1n the third and fourth embodi-
ments may be further added to the three-dimensional
measuring system 5000 according to the fifth embodiment
illustrated 1n FIG. 20.

According to the fourth modification of the fifth embodi-
ment, a measured value of the three-dimensional measure-
ment performed on the workpiece W can be corrected based

on vibration of the robot arm 50 and/or the surface plate 18




US 11,365,959 B2

29

and a temperature of the workpiece W, and therelore,
accuracy of the three-dimensional measurement can be
turther improved.

{Others }

Furthermore, the measuring machine control apparatus
30, the wvibration correcting means 31, the temperature
correcting means 32, and the robot arm control apparatus 60
are realized by a general-purpose computer, such as a
workpiece station or a personal computer, that includes a
processor, such as a CPU (Central Processing Unit) or an
FPGA (Field Programmable Gate Array), a memory, such as
a ROM or a RAM, an external recording apparatus, such as
a hard disk, an input apparatus, an output apparatus, and a
network connection apparatus. The memory of the measur-
ing machine control apparatus 30 stores a program used to
operate the measuring machine body 10, and the measure-
ment may be automatically performed when the processor
reads and executes the program. Furthermore, the memory
of the robot arm control apparatus 60 stores a program used
to operate the robot arm 50, and the conveyance of the
workpiece W and the change in the attitude of the workpiece
W may be automatically performed when the processor
reads and executes the program. Furthermore, the measuring,
machine control apparatus 30 and the robot arm control
apparatus 60 may operate in cooperation with each other so
that the entire measurement 1s automatically performed.
{Effects}

As described above, according to the three-dimensional
measuring systems 1000, 2000, 3000, 4000, and 5000, the
attitude of the workpiece W can be easily changed since the
three-dimensional measurement 1s performed on the work-
piece W while the workpiece W 1s held by the end eflector
EE. Accordingly, efliciency of the three-dimensional mea-
surement can be improved.

In the three-dimensional measuring systems 1000, 4000,
and 5000, the three-dimensional measurement 1s performed
on the workpiece W 1n the state in which a portion of the
robot arm 50 directly or indirectly abuts on the surface plate
18 of the three-dimensional measuring machine 1 while the
workpiece W 1s held by the end effector EE. Accordingly,
influence of the vibration of the robot arm 50 on the
workpiece W can be reduced, and therefore, accuracy of the
three-dimensional measurement can be improved.

In the robot arm apparatuses 200 and 300, since the robot
base 53 1s disposed on the surface plate 18, influence of the
vibration in the outside environment on the workpiece W
can be reduced and followability to the change in the attitude
of the surface plate 18 can be ensured without causing a
portion of the robot arm 50 to directly or indirectly abut on
the surface plate 18. Accordingly, accuracy of the three-
dimensional measurement can be further improved.

As described above, 1t 1s apparent that a portion of the
robot arm 50 may be directly or indirectly brought into
contact also 1n the three-dimensional measuring systems
2000 and 3000.

In the robot arm apparatuses 300 and 400, the arm
vibration detecting means 55 and/or the surface-plate vibra-
tion detecting means 56 can detect vibration of the robot arm
50 and/or vibration of the surface plate 18, and the vibration
correcting means 31 of the three-dimensional measuring
machine 2 can correct a measured value of the three-
dimensional measurement performed on the workpiece W
based on the detected vibration. Accordingly, accuracy of
the three-dimensional measurement can be further
improved.

A temperature of the workpiece W held by the end efector
EE can be detected by the temperature detecting means 57
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of the robot arm apparatus 400, and a measured value of the
three-dimensional measurement performed on the work-

piece W can be corrected by the temperature correcting
means 32 of the three-dimensional measuring machine 3
based on the detected temperature. Accordingly, a process of
mounting a sensor for detecting a temperature of the work-
piece W used by the user on the robot arm 50 or the like may
be omitted. Furthermore, since the temperature measure-
ment can be performed on the workpiece W belore the
workpiece W 1s conveyed and disposed 1n the measuring
position, efliciency of the three-dimensional measurement
can be further improved. In addition, accuracy of the three-
dimensional measurement can be further improved since the
temperature correction 1s performed.

When the components included 1n the robot arm appara-
tuses 100, 200, 300, and 400 and the three-dimensional
measuring machines 1, 2, and 3 are arbitrarily combined
with each other, a desired one of the effects described above
can be appropriately obtained.

Although the examples of the presently disclosed subject
matter have been described hereinabove, the presently dis-
closed subject matter 1s not limited to the embodiments
described above, and it 1s apparent that various modifica-
tions can be made without departing from the scope of the
presently disclosed subject matter.

REFERENCE SIGNS LIST

1, 2, 3: Three-dimensional measuring machine
10: Measuring machine body

12: Head

14: Beam

16: Column

18: Surface plate

20: Base

22: Probe

24: Stylus

26: Gauge head

30: Measuring machine control apparatus

31: Vibration correcting means

32: Temperature correcting means

40: Controller

50: Robot arm

52, 53: Robot base

52a: Tip end portion

55: Arm vibration detecting means

56: Surface-plate vibration detecting means

57. Temperature detecting means

60: Robot arm control apparatus

71, 75: Base portion

72: Claw portion

73, 77: Holding surface

76: Chuck

100, 200, 300, 400, 500: Robot arm apparatus

1000, 2000, 3000, 4000, 5000: Three-dimensional measur-
ing system

Al: First arm

A2: Second arm

A3: Third arm

B: Block

EE: End eflector

J1: First joint portion

J2: Second joint portion

J3: Third joint portion

J4: Fourth joint portion

[.1: Center axis of workpiece

W: Workpiece




US 11,365,959 B2

31

What 1s claimed 1s:

1. A three-dimensional measuring system comprising:

a surface plate;

a robot arm configured to hold a workpiece to be mea-
sured and change an attitude of the workpiece;

a probe configured to be movable relative to the surface
plate and perform three-dimensional measurement on
the workpiece;

relative-position change detector including a laser tracker
that detects a change in a relative position between the
surface plate and the robot arm; and

a processor configured to correct a result of the measure-
ment performed on the workpiece by the probe based
on a result of detection performed by the relative-
position change detector.

2. The three-dimensional measuring system according to

claim 1, wherein

the probe performs the three-dimensional measurement
on the workpiece 1n a state 1n which the workpiece 1s
held by the robot arm.

3. The three-dimensional measuring system according to

claim 1, wherein

the relative-position change detector includes an arm
vibration detector including a sensor or a laser tracker
that detects vibration of the robot arm.

4. The three-dimensional measuring system according to

claim 3, wherein

the arm vibration detector detects vibration in the vicinity
of a tip end portion of the robot arm.

5. The three-dimensional measuring system according to

claim 1, wherein

the relative-position change detector includes surface-
plate vibration detector including a sensor or a laser
tracker that detects vibration of the surface plate.

6. The three-dimensional measuring system according to

claim 1, wherein

the relative-position change detector includes inclination
detecting sensor for detecting an inclination of the
surface plate relative to a horizontal direction.

7. The three-dimensional measuring system according to

claim 1, wherein

the relative-position change detector detects change
amounts of a relative position 1n a horizontal direction
and a vertical direction, and

the processor 1s further configured to add the change
amounts of the relative position to or subtract the
change amounts of the relative position from a result of
the measurement performed on the workpiece by the
probe 1n the horizontal direction and the vertical direc-
tion.

8. The three-dimensional measuring system according to

claim 1, wherein

the relative-position change detector detects change 1n the
relative position 1n real time, and

the processor 1s further configured to correct a result of the
measurement performed on the workpiece by the probe
in real time based on the change 1n the relative position
detected 1n real time.

9. The three-dimensional measuring system according to

claim 1, wherein

the laser tracker mcludes:

a reflector, and

a laser tracker body configured to emait laser light to the
reflector and receive retlected light of the laser light
from the retlector so as to obtain a displacement of
the reflector, and

the reflector 1s disposed on the robot arm.

10

15

20

25

30

35

40

45

50

55

60

65

32

10. The three-dimensional measuring system according to
claim 1, further comprising:
a temperature detecting sensor for detecting a temperature
of the workpiece; and
the processor 1s further configured to correct the result of
the measurement performed on the workpiece by the
probe based on a result of detection performed by the
temperature detecting sensor.
11. The three-dimensional measuring system according to
claim 1, wherein
an end eflector of the robot arm includes temperature
detecting sensor for detecting a temperature of the
workpiece.
12. The three-dimensional measuring system according to
claim 11, wherein
the temperature detecting sensor 1s disposed on a holding
surface of the end eflector that holds the workpiece.
13. The three-dimensional measuring system according to
claim 11, wherein
the processor 1s further configured to correct the result of
the measurement performed on the workpiece by the
probe based on a result of detection performed by the
temperature detecting sensor.
14. The three-dimensional measuring system according to
claim 10, wherein
the temperature detecting sensor detects a temperature of
the workpiece 1n a state 1n which the workpiece 1s held
by the robot arm.
15. The three-dimensional measuring system according to
claim 14, wherein
the temperature detecting sensor starts detection of a
temperature of the workpiece when the workpiece 1s
held by the robot arm.
16. The three-dimensional measuring system according to
claim 1, wherein
a robot base that supports the robot arm 1s disposed
outside the surface plate.
17. The three-dimensional measuring system according to
claim 1, wherein
a robot base that supports the robot arm 1s disposed on the
surface plate.
18. The three-dimensional measuring system according to
claim 1, wherein
the robot arm includes an abutting portion that directly or
indirectly abuts on the surface plate when the probe
measures the workpiece.
19. The three-dimensional measuring system according to
claim 18, wherein
a damping member 1s disposed on the surface plate, and
the abutting portion of the robot arm indirectly abuts on
the surface plate through the damping member.
20. The three-dimensional measuring system according to
claim 18, wherein
the robot arm 1ncludes a plurality of arms and a plurality
of joint portions coupling the plurality of arms with one
another 1n a rotatable manner, and
the abutting portion of the robot arm 1s one of the plurality
of joint portions.
21. The three-dimensional measuring system according to
claim 20, wherein
the abutting portion of the robot arm 1s one of the plurality
of joint portions that 1s closest to the end eflector.
22. A three-dimensional measuring method, comprising:
a conveying step ol conveying a workpiece to be mea-
sured by a robot arm configured to change an attitude
of the workpiece;
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a measuring step of performing three-dimensional mea-
surement on the workpiece by a probe configured to be
movable relative to a surface plate 1n a state 1n which
the workpiece 1s held by the robot arm;

a relative-position change detecting step of detecting a
change 1n a relative position between the surface plate
and the robot arm; and

a vibration correcting step ol correcting a result of the
measurement performed on the workpiece 1n the mea-
suring step based on a result of detection performed 1n
the relative-position change detecting step.

23. The three-dimensional measuring method according

to claim 22, wherein

in the measuring step, the probe performs the three-
dimensional measurement on the workpiece 1n a state
in which the workpiece 1s held by the robot arm.

24. The three-dimensional measuring method according

to claim 22, wherein

the relative-position change detecting step includes a step
of detecting vibration of the robot arm.

25. The three-dimensional measuring method according

to claim 22, wherein

the relative-position change detecting step includes a step
of detecting vibration of the surface plate.

26. The three-dimensional measuring method according

to claim 22, wherein

the relative-position change detecting step includes a step
of detecting an inclination of the surface plate relative
to a horizontal direction.

277. The three-dimensional measuring method according

to claim 22, wherein

the relative-position change detecting step includes a step
of detecting change amounts of the relative position 1n
a horizontal direction and a vertical direction, and

the vibration correcting step includes a step of adding the
change amounts of the relative position to or subtract-
ing the change amounts of the relative position from a
result of the measurement performed on the workpiece
by the probe 1n the horizontal direction and the vertical
direction.

28. The three-dimensional measuring method according

to claim 22, wherein

the relative-position change detecting step detects change
in the relative position 1n real time, and

the vibration correcting step corrects the result of the
measurement performed on the workpiece by the probe
in real time based on the change 1n the relative position
detected 1n real time.

29. The three-dimensional measuring method according

to claim 22, further comprising,

a temperature detecting step of detecting a temperature of
the workpiece by a temperature detecting sensor dis-
posed on an end eflector of the robot arm.

30. The three-dimensional measuring method according

to claam 29, further comprising,

a temperature correcting step of correcting the result of
the measurement performed on the workpiece in the
measuring step based on a result of detection performed
in the temperature detecting step.

31. The three-dimensional measuring method according

to claim 22, further comprising:

a temperature detecting step of detecting a temperature of
the workpiece; and

a temperature correcting step of correcting the result of
the measurement performed on the workpiece 1n the
measuring step based on a result of detection performed
in the temperature detecting step.
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32. The three-dimensional measuring method according

to claim 30, wherein

the temperature detecting step 1s performed 1n real time 1n
a state 1n which the workpiece 1s held by the robot arm,
and

in the temperature correcting step, the result of the mea-
surement performed on the workpiece 1n the measuring,
step 1s corrected 1n real time based on a result of the
detection performed 1n the temperature detecting step.

33. The three-dimensional measuring method according

to claim 29, wherein

the temperature detecting step 1s included 1n the convey-
ing step.

34. The three-dimensional measuring method according

to claim 29, wherein

the temperature detecting step 1s performed 1n a state 1n
which the workpiece 1s held by the robot arm.

35. The three-dimensional measuring method according

to claim 34, wherein

the temperature detecting step 1s started when the work-
piece 1s held by the robot arm.

36. The three-dimensional measuring method according

to claam 29, further comprising:

a temperature determiming step of determining whether
the temperature of the workpiece satisiies a predeter-
mined temperature condition.

37. The three-dimensional measuring method according

to claim 36, wherein

the temperature determining step 1s performed 1n a state 1n
which the workpiece 1s held by the robot arm.

38. The three-dimensional measuring method according

to claim 37, wherein

when 1t 1s determined that the predetermined temperature
condition 1s not satisfied 1n the temperature determining,
step, the workpiece 1s conveyed while being held by the
robot arm.

39. The three-dimensional measuring method according

to claim 22, wherein

a robot base that supports the robot arm 1s disposed
outside the surface plate.

40. The three-dimensional measuring method according

to claim 22, wherein

a robot base that supports the robot arm 1s disposed on the
surface plate.

41. The three-dimensional measuring method according

to claim 22, further comprising,

a mounting step ol causing an abutting portion of the
robot arm to directly or indirectly abut on the surface

plate 1n a state 1n which the workpiece 1s held by the
robot arm.
42. The three-dimensional measuring method according
to claim 41, wherein
damping member 1s disposed on the surface plate, and
in the mounting step, the abutting portion of the robot arm
indirectly abuts on the surface plate through the damp-
ing member.
43. The three-dimensional measuring method according
to claim 41, wherein
the robot arm includes a plurality of arms and a plurality
of joint portions coupling the plurality of arms to one
another 1in a rotatable manner, and
the abutting portion of the robot arm 1s one of the plurality
of joint portions.
44. The three-dimensional measuring method according
to claim 43, wherein
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the abutting portion of the robot arm 1s one of the plurality
ol joint portions that 1s positioned closest to the end
ellector.
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